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ABSTRACT 
Details are given of the elimination of mitochondria which occurs during the first  1 to  2 
hours of the  life of the egg of the fern Pteridium  aquilinum  (L.)  Kuhn. During this phase 
the  only mitochondria present are  swollen and appear degenerate,  but subsequently the 
cytoplasm of the  egg  becomes filled with large mitochondria containing numerous villi. 
Accompanying the  appearance of these  mitochondria, many, if not all of which have a 
peculiar umbo-like form,  is  the  production by the  nucleus of conspicuous and  complex 
evaginations. The umbo-mitochondria are  believed to  be new, and a  mechanism is sug- 
gested by which they may be generated fl'om the complex evaginations of the nucleus. 
According  to  the  classical  theory  of  Meyer  and 
Schimper,  the  chromatophores  of  the  plant cell 
are  never created  de  novo, but multiply solely  by 
division of pre-existing chromatophores. There has 
been  a  tendency  to  assume  that  mitochondria 
show  a  smilar  continuity  (see, for  example, 
Dangeard,i  1958). Apart,  however,  from  the 
ingenious argument of Luck,  1963 a  and b,  based 
upon  the autoradiography of labeled  mitochon- 
dria,  this  view  probably owes  more  to  analogy 
with plastids than to observation. Nevertheless the 
possibility has  generally been  conceded  that  in 
certain instances mitochondria may arise  de  novo 
(the evidence is reviewed by Novikoff,  1961), but 
the  source  of  the  new  mitochondria  has  been 
largely a matter of conjecture. 
An investigation with  the  electron microscope 
of  numerous  archegonia  of  the  fern  Pteridium 
aquilinum,  in  various stages  of  development, has 
shown that  the  structure of the  mitochondria of 
the  central cell  and  very young egg  is  strongly 
suggestive  of degeneration. The nuclear envelope 
during  this  period  shows  no  peculiar  features. 
Subsequently, however,  the  nucleus is  found  to 
be producing conspicuous evaginations, and large 
complex  mitochondria,  containing  numerous 
villi, have appeared within the cytoplasm. These 
mitochondria are  believed  to  be  new  and  gen- 
erated  from  the  nucleus,  the  nuclear  envelope 
providing the  membranes of  the  mitochondrion 
and the  nucleoplasm, the  stroma.  The argument 
in support of this view is at  present based upon 
morphological criteria alone, since it has not yet 
been  possible  to  carry  out  cytochemical  tests 
that would confirm unambiguously the nature of 
the  bodies interpreted as  incipient mitochondria. 
MATERIALS  AND  METHODS 
The materials  used in the present  investigation were 
identical with  those  previously  reported  (Bell and 
Mfihlethaler,  1962 a).  Fixation was carried  out in 1 
or  2  per  cent  potassium  permanganate in sodium 
acetate-vcronal  buffer at pH 7.2 for 2 hours at 4°0. 
Fixation in osmium tetroxide  in similar  conditions, 
or in glutaraldehyde for various periods followed by 
osmium tetroxide,  did not preserve the  structure of 
the membranes with sufficient clarity,  and was not 
further utilized. 
235 OBSERVATIONS  AND 
INTERPRETATIONS 
The  micrographs  presented  are  representative  of 
the many that  have accumulated  in the course of 
a  critical examination of the events in  the arche- 
gonium,  The general features of the fine structure 
of cells  during  oogenesis  in  Pteridiurn have  been 
described  by  Bell  and  Mfihlethaler  (1962a). 
THE  DEGENERATION  OF MITOCHONDRIA 
The  first  evidence of degeneration  of the  mito- 
chondria  is  seen  in  the  central  cell  (Fig.  1),  the 
division of which gives rise to the egg and ventral 
canal  cell.  The  mitochondria of this cell are con- 
siderably larger than those of the adjacent somatic 
cells, and  irregular in  shape.  Their fine structure 
is  clearly  discernible,  but  in  many  of the  larger 
mitochondria  (such  as  those illustrated)  electron- 
opaque  granules  are  present  in  the  matrix. 
Granules  of this  kind  have  not  been  seen  in  the 
mitochondria  of  the  cells  preceding  the  central 
cell. 
At  the  formation  of the  egg,  immediately  fol- 
lowing  telophase  and  before  the  completion  of 
the dividing wall, the mitochondria are extremely 
swollen and  the villi sparse  (Fig.  2),  although,  as 
illustrated  in  the  earlier  general  micrograph 
(Bell and  Miihlethaler,  1962 a,  Fig. 4),  the mito- 
chondria of the adjacent somatic cells are normal 
in  appearance.  At  this  stage  of  oogenesis  it  is 
difficult to distinguish  between mitochondria and 
plastids, but those organelles in which the internal 
lamellae  are  short  and  almost  entirely  confined 
to the margin  are considered to be mitochondria. 
These  swollen  mitochondria  do  not  persist  for 
very  long.  Within  a  period  estimated  at  l  to  2 
hours  their  place  is  taken  by  a  large  number  of 
small  vacuoles  containing  aggregations  of  very 
dense  material,  and  only  a  few  distended  and 
mostly  empty  bodies  remain  referable  to  mito- 
chondria.  Within  some  of these  vacuoles,  as  will 
be  seen  in  Fig.  3,  there  is  membranous  material 
suggestive of villi, sometimes  connected  with  the 
darkly  staining  boundary.  Although  the  details 
of  this  boundary  cannot  be  resolved,  its  width 
(approximately  15  m#)  is  of  the  same  order  as 
that  of  the  boundaries  of  the  few  remaining 
mitochondria.  In  others  the  enclosed  electron- 
opaque  material,  although  still showing traces  of 
lamellar structure,  appears to have separated from 
the  boundary,  which,  although  not  always  well 
defined,  can  be  seen  here  and  there  to  have  the 
dimensions  (approximately  6 mg)  of a  unit mem- 
brane  (Fig,  3,  inset,  arrow).  These  vacuoles  are 
interpreted  as  containing  the  last  stages  of  de- 
generating mitochondria. 
Nothing  has  been  seen  to  disturb  the  earlier 
view  (Bell  and  Mtihlethaler,  1962a)  that  the 
material  in  the  vacuoles  finds  its  way  onto  the 
surface  of the egg.  it is presumably  a  product  of 
the  metabolism  of  the  lipid  materials  originally 
present  in  and  forming  the  villi  of  the  mito- 
chondrion. 
THE  REAPPEARANCE OF MITOCHONDRIA 
Within  another  short  period  (estimated  to  be 
of the  order  of  1  to  2  hours)  the  appearance  of 
the  cytoplasm  has  changed  remarkably.  The 
nucleus  is  now  seen  to  be  evaginating  into  the 
cytoplasm which has become filled with numerous, 
healthy-looking  mitochondria  (Bell  and  Mfihle- 
thaler,  1962  a,  Fig.  6 a).  The impression  immedi- 
ately  given,  as  indicated  in  a  preliminary  report 
ALL figures  (with the exception of Figs.  6 and  10)  are electron micrographs  of sections 
of the central cell or egg of Pteridium aquilinum. The scale (except where indicated other- 
wise) represents 1 #. The nucleus is indicated by n. The arrows in Figs. S (inset)  and 15 
indicate features discussed  in the text. 
FIGURE 1  Degeneration of mitochondria in a  central cell approaching mitosis. Note the 
densely staining granules beginning to appear within the mitochondria. 
FIG. ~  Swollen  organelles  in the cytoplasm of an egg shortly after its formation. Of the 
central group of three larger organelles,  that towards the lower left corner is considered 
to be a plastid, and the other two mitochondria. 
FIGURE 3  Small vacuoles, identified as the last stages of degeneration of  mitochondria, 
towards the periphery of an egg estimated to he 1 to ~ hours old. Inset: detail of a vacuole. 
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new  mitochondria  generated  from  the  nucleus. 
The  evidence  for  this  view  is  now  assembled  in 
the following account. 
THE  SHAPE  OF  THE  NUCLEAR  EVAGINA- 
TIONS:  Although  the  evaginations  of  the  nu- 
cleus  are  most  commonly  circular  or  ovate  in 
section, occasionally they appear long and narrow 
(see  Bell and  Mfihlethaler,  1962 a,  Fig.  6 b),  and 
theless,  this body  is very similar to  that  shown  in 
Fig.  4,  and,  wherever  serial  sections  have  been 
present,  such  bodies  have  always  proved  to  be 
evaginations of the whole nucleus. 
The  problem  immediately  arises  of  whether 
these  configurations  represent  evaginations  of  a 
number  of different  forms,  or  whether  they  are 
sections  in  different  planes  of  a  single  type  of 
complex evagination.  It  has  not  been  possible  to 
FIGURE 4  Evagination of nucleus appearing to enclose an island of cytoplasm. Cf. text and Fig. 6. 
FIGURE  5  Configuration identified as an oblique section of a hooded evagination of  the  nucleus. Cf. text 
and Fig. 6. 
recurved towards the nuclear surface.  Frequently, 
an  arm  of the  nucleus  is seen  passing  completely 
around  an island of cytoplasm, giving a concentric 
arrangement  of two  double  membranes  (Fig.  4), 
and  on  three  occasions  an  open  ring  has  been 
found  attached  asymmetrically to the  nucleus.  In 
the specimen shown  (Fig. 5), where the configura- 
tion  is  clearly  visible,  the  relevant  adjacent  sec- 
tions were  not present  on  the grid,  and  it cannot 
be stated  with certainty that the nucleoplasm was 
continuous  with  the  contents of the  ring.  Never- 
determine  the  shape  of  a  complete  evagination 
by  serial  sectioning  since  the  evaginations  are  so 
large,  reaching  or  exceeding  1  /~  in  diameter. 
If it is assumed  that  the evaginations are  all of 
one  kind,  and  that  they  do  not  develop  further 
after reaching the stage which, in certain sections, 
will appear  as an  arm of the  nucleus  recurred  to 
its  surface,  then  it is  possible  to  construct  an  in- 
verted  hood-like  body  (Fig.  6)  which,  according 
to the plane of section, will give all the configura- 
tions  seen  in  the  micrographs.  A  section  vertical 
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the  plane  of symmetry  of the  hood,  will give  the 
appearance  of a  recurred arm  (as seen in Bell and 
M/ihlethaler,  1962 a,  Fig.  6 b).  Each  side  of this 
arm  will  be  bounded  by  the  nuclear  envelope, 
and  the  enclosed  material  will  be  continuous 
with the nucleoplasm.  If the section were parallel 
to the median plane but a little tangential, passing 
to  the  side  of the  pore  at  the  base  of the  hood, 
obliquity  of  the  section  were  more  than  slight, 
the  detail  of  the  connection  with  the  nucleus 
would  become  obscure,  and  profiles  similar  to 
that  shown  in  Fig.  5  would  be  obtained.  Finally, 
a  section  parallel  to  the  surface  of  the  nucleus 
(Fig.  6 cc),  or  vertical  and  external  to  the  base 
of the  evagination,  or  at  an  intermediate  angle, 
would  show  two  concentric  double  membranes 
apparently  unconnected  with  the  nucleus.  Such 
FIGURE 6  Reconstruction of a hooded evagination of the nucleus,  sections of which in different planes 
will give all the configurations seen issuing from or adjoining the nucleus in  the micrographs.  A, side 
view; B, face view showing the pore by which the contents of the hood maintain continuity with the cyto- 
plasm; C, section of a portion of the wall of the hood to show that both the inner and outer surfaces are 
formed by a  lamella continuous  with the outer layer of the nuclear envelope; aa, eb, cc, sections of the 
complete evagination in various planes.  The dots represent nuclear material. 
the  arm  in  the  section would  appear  to  be fusing 
with  the  outer layer  of the  nuclear  envelope  (@ 
the  upper  evagination  in  Bell  and  Miihlethaler, 
1962 a,  Fig.  6 b).  A  section vertical to the  surface 
of the nucleus,  but  perpendicular  to and  more or 
less bisecting the median plane of the evagination, 
would  reveal  an  island  of cytoplasm  surrounded 
by  a  double  membrane,  enclosed  within  an  em- 
bayment  of the  nucleus  (Fig.  6 aa;  cf.  Fig.  4).  If 
the  section  were  oblique,  passing  tangentially 
through the basal pore and the base of the evagina- 
tion,  the  resulting  figure  would  be  shaped  like  a 
horse-shoe,  attached  to  the nucleus  at the outside 
and  towards  the tip of one arm  (Fig.  6 bb).  If the 
configurations  have,  in  fact,  often  been  seen  in 
the vicinity of the nucleus. 
A  convex  evagination  such  as  that  shown  in 
Fig.  6  could  arise  by the progressive hooding of a 
tongue-shaped  outgrowth  of the  nuclear envelope 
enclosing  a  thin  layer  of  nucleoplasm.  Some  of 
the  smaller evaginations  appearing  in  the  micro- 
graphs  may,  in fact,  be  sections of immature  out- 
growths  of this kind,  but  it is not possible  to dis- 
tinguish,  in  a  single  section,  between  median 
sections  of  immature  outgrowths  and  marginal 
sections  of the  fully  formed  hood. 
No sections of evaginations of the nucleus have 
been found  not to  be  in accord with this concept 
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nuclear  envelope  together  with  a  little  of  the 
peripheral  nucleoplasm.  In  some  cases,  however, 
the  arm  of  the  evagination  in  section  appears 
nuch  less  strongly  recurved  than  those  shown 
by Bell and  Miihlethaler,  1962  a, Fig.  6 b.  It may 
be,  therefore,  that  the  degree,  and  perhaps  also 
the  orientation,  of  the  hooding  in  relation  to 
origin  of  the  evagination  shows  considerable 
and  form  probably  undergo  continual  change  in 
the living cell. 
THE  SHAPE  OF  THE  MITOCHONDRIA  OF 
THE  MATURING  EGG:  In  section,  the  mito- 
chondria  of  the  maturing  egg  often  show  a 
central  depression,  and  serial  sections  (Figs.  7 
to 9)  reveal that  this depression  is, in fact,  a  cup. 
Other sections frequently show the mitochondrion 
as a  ring  (e.g.  Fig.  14).  The mitochondrion is thus 
FIGURES 7  to  9  Adjacent sections  of a  series  providing evidence of a  cup at  the centre  of  the mito- 
chondria of a mature egg. 
variation.  Alternatively,  these  arm-like  evagina- 
tions  of  weaker  curvature  may  represent  early 
stages in the development of the  outgrowth. 
It should,  of course,  be made clear that  not all 
the  irregularities  of the  nuclear  envelope  seen  in 
the  micrographs  are  considered  to  represent 
complete  or  incipient  evaginations.  Marginal 
sections  of  the  nucleus  of  a  maturing  egg  show 
that it has numerous, broadly based protuberances, 
and,  if visualized three-dimensionally,  the nucleus 
must  have  a  mulberry-like  outline.  There  is  no 
evidence  that  these  larger  irregularities  of  the 
nucleus  become  detached,  although  their  size 
almost certainly a  disc with a  more or less central 
cup,  and,  when  visualized  three-dimensionally, 
it must  resemble in shape  the Roman umbo  (Fig. 
10).  The  curvature  at  the  periphery  of the  mito- 
chondrion  appears  to  be  fairly  regular,  but  here 
the  mitochondrion  is  always  more  swollen  than 
it is elsewhere, and  the villi are more conspicuous. 
The  diameter  of  these  umbo-like  mitochondria 
approaches  3 #. 
The  bounding  membrane  of the  villous part  of 
the  mitochondrion  is  double,  as  normally,  and 
the  membranes  on  the  upper  and  lower  sides  of 
the flange become confluent at the rim of the cup 
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depression  must  thus  be  quadruple,  but  only 
rarely  can  it  be  seen  as  such.  This  is  no  doubt 
because  the unit membranes are very much closer 
together  here  than  elsewhere,  and  an  exactly 
transverse  section  is  consequently  required  to 
reveal  them  individually.  The  closeness  of  the 
membranes would also explain why this boundary 
is always strikingly opaque.  The  total thickness of 
this quadruple  layer of membranes  is of the order 
of 30 m#,  and  the diameter of the cup, measured 
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FIGURE 10  Generalized reconstruction  of  an  umbo- 
mitochondrion.  Above, median vertical section; below, 
projection of half the mitochondrion. C,  cup; F, flange. 
The dimensions are intended only to give the order of 
size and proportions. 
transversely,  may  be  as  much  as  1 #,  i.e.  about 
one-third  of  the  total  diameter  of  the  mito- 
chondrion. 
It will be noted from Fig. 9  that when the sec- 
tion  of  the  mitochondrion  is  tangential,  falling 
outside  the  central  cup,  the  mitochondrion  has 
the outline of a  dumb-bell.  Mitochondria  seen in 
isolated sections most frequently have this outline, 
consistent  with  the  view  that  most,  if not  all  of 
the mitochondria  of the  maturing  egg are  of the 
umbo-like form.  The  mitochondria  are  occasion- 
ally seen in stacks  of two or three,  the cups lying 
within  one  another  (as  in  Fig.  7),  but  this  is be- 
lieved  to  be  no  more  than  the  result  of chance 
packing  coming  about  with  protoplasmic  move- 
ment.  Fragments  of endoplasmic  reticulum  and 
dictyosomes  are  frequently  seen  in  what  are 
undoubtedly  cups  of mitochondria  (Figs.  13  and 
14). 
We  have  no  evidence  that  the  umbo-mito- 
chondria  are  in  a  state  of  division.  Their  form 
appears  to  remain  stable  so  long  as  the  egg  re- 
mains unfertilized 
EVIDENCE  THAT THE EVAGINATIONS DEVELOP 
INTO MITOCHONDRIA 
(i)  There  is  so  close  a  similarity  between  the 
cavities in the hooded cvaginations of the nuclear 
membrane  and  the cups of the free mitochondria 
in  the cytoplasm,  both in structure  and  size,  that 
a dcvelopmcntal relationship immediately suggcsts 
itself.  The  connection  between  the large evagina- 
tions  and  the  nucleus  is  never  anything  more 
than  tenuous  (see,  for  example,  Figs.  4  and  5), 
and  it would seem improbable  that  it persists  in- 
definitely or that  the  evagination  is  subsequently 
withdrawn.  Also,  in  some  micrographs,  bodies 
have  been  seen  somc  distance  from  the  nucleus 
which  can  most  satisfactorily  be  interpreted  as 
convex evaginations,  of the kind  described  in  the 
preceding  section,  which  have  become  detached 
(Figs.  11  and  12).  The  configuration of the  body 
shown  in  Fig.  I l,  for example,  is very similar to 
that  of a  median  section of a  mitochondrion.  All 
that  would  be  necessary  for  the  development  of 
this organelle would  be for the membranes lining 
the cup to become approximated,  and the already 
swollen portions  adjacent  to the orifice to extend 
radially  and  generate  villi  within  the  matrix. 
Similarly,  the  configuration  shown  in  Fig.  12 
would become identical,  following approximation 
of  the  membranes,  with  that  obtained  by  sec- 
tioning  a  mitochondrial  cup  more  or  less  trans- 
versely. 
(ii)  A  conspicuous feature of many of the evag- 
inations,  as  seen  in  the  micrographs,  is  the  spot 
of electron-opaque  material  near  the  connection 
with  the  nucleus  (see,  for  example,  Fig.  15).  A 
similar  spot  is  also  present  in  the  body  believed 
to be detached from the nucleus shown in Fig.  11. 
Again,  electron-opaque  material  in  a  slightly 
more dispersed condition is almost always present 
in  structures  which  lie  a  little  distant  from  the 
nucleus and  contain only a  few villi (e.g.  Fig.  15, 
arrow).  These  give no  evidence of degeneration, 
and  they  are  interpreted  as  developing  mito- 
chondria.  Similar  electron-opaque  material  has 
also  been  seen  in  fully  formed  mitochondria  in 
P. R. BELL  AND K. M?JHLETHALER Degeneration and Reappearance of Mitochondria  241 the  maturing  egg.  Its  presence  in  both  evagina- 
tions  and  mitochondria  is  regarded  as  additional 
evidence  of  a  generic  connection  between  these 
organelles. 
(iii)  Proof of the origin of the new mitochondria 
from the  nuclear membrane  would,  of course,  be 
provided  by  the  discovery  of  developing  mito- 
chondria  still attached  to  the  nucleus.  Some evi- 
dence of connection has been discovered by search- 
ing low-power micrographs  of serial  sections,  the 
relevant profiles being shown in Figs.  16 to  19. An 
organelle  very  suggestive  of  an  immature  mito- 
chondrion  (Fig.  19)  (although  the  possibility 
cannot be ruled out of its being a  proplastid)  was 
found  at  some  120  mg  distant  (i.e.  4  sections 
later)  to  be  lacking  in  internal  structure  and 
clearly  connected  with  the  nucleus  (Fig.  16). 
Moreover,  the customary  spot of electron-opaque 
material  was  present  near  the  point  of  union. 
The series was not of sufficient length to reveal the 
shape of the complete evagination.  It is, therefore, 
impossible  to  know  whether  in  toto it  was  of the 
hooded  form,  and,  if so,  where  in relation  to  the 
concavity  the  internal  lamellae  were  beginning 
to  appear.  In  other evaginations  it  has  not  been 
possible  to  see  any  internal  structure  with  cer- 
tainty,  although  occasionally  what  appear  to  be 
short fragments of villi have  been  seen within  the 
distal  portions  of evaginations  and  very  close  to 
the boundary. 
DISCUSSION 
THE  SWELLING  AND  DEGENERATION  OF 
THE  MITOCtIONDRIA  OF  THE  CENTRAL  CELL 
AND  EARLY  EGG:  Comparison  of  the  central 
cell  and  early  egg  with  adjacent  somatic  cells 
shows  that  the  swelling  of  the  mitochondria 
is  peculiar  to  the  cells  taking  part  in  oogen- 
esis.  Although  the  possibility  cannot  be  en- 
tirely  eliminated  that  the  reaction  of  the 
mitochondria  of the  central  cell and  very young 
egg  to  the  fixative  is  different  from  that  of  the 
organelles  of  the  somatic  cells,  accumulating 
evidence  indicates  that  authentic  structural 
changes occur in mitochondria in relation to their 
physiological  activity.  Lehninger,  1961,  for  ex- 
ample, reports that the volume of a mitochondrion 
varies  according  to  the  nature  of its  metabolism 
and  the  permeability  of its  bounding  membrane. 
Furthermore,  Hoffmeister,  1961,  has  shown 
that  the  mitochondria  of the  musculature  of the 
wasp  Vespa germanica become swollen and partially 
disintegrated  if the  insect  is  continuously  stimu- 
lated  and  kept  in  flight  until  exhausted.  The 
muscle  cells  in  these  experiments  presumably 
entered a  condition of oxygen debt.  There is other 
evidence  that  anaerobic  conditions  profoundly 
affect the structure  and integrity of mitochondria. 
Linnane,  Vitols,  and  Nowland,  1962,  have  ob- 
served  that,  although  yeast  cultured  aerobically 
possesses  normal  mitochondria,  anaerobic  condi- 
tions  cause  the  mitochondria  to disappear,  prob- 
ably as a  result of fragmentation.  In view of these 
observations upon widely different organisms and 
tissues,  the  swollen condition of the mitochondria 
in the central cell and very young egg of Pteridium 
is regarded as authentic,  and indicative of change 
in  their physiological activity. 
It  will  also  be  seen  that  the  swollen  mito- 
chondria have extremely short villi. This is particu- 
larly  evident  in  the  newly  formed  egg  (Fig.  2), 
where  the  matrix  of the  mitochondrion  is almost 
entirely  empty.  Since  Simon  and  Chapman, 
1961,  have  demonstrated  that  the  length  of  the 
villi of the  mitochondria  of the Arum  spadix  is  a 
measure  of their  ability to oxidize succinate,  and 
probably,  therefore,  of  their  general  respiratory 
activity,  it  appears  likely that  the  functioning  of 
the  swollen  mitochondria  is,  in  fact,  becoming 
impaired. 
The  degenerative  processes  occurring  within 
the mitochondria of the central cell and young egg 
FIGURES 11 and  1~  Configurations  seen  in the cytoplasm away from the nucleus,  and 
identified as sections  of hooded evaginations which have become detached. 
FIGURE 13  Median vertical section of a  mitochondrion of a  mature egg, the cup being 
somewhat open and enclosing a  portion of another mitoehondrion arid endoplasmic retic- 
ulum.  lnset:  detail of the apposition of the membranes at the rim of the cup. 
FIGURE 14  Horizontal section of a  mitochondrion of a  mature egg,  the section  passing 
above the level of the cup and through the base of the villous flange. 
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for  other  organisms.  The  degenerating  mito- 
chondria  in  the  sieve  cells  of Cucurbita show very 
similar profiles (Esau  and  Cheadle,  1962). Stages 
in  the  degeneration  of  the  mitochondria  of  rat 
liver  (Novikoff and  Essner,  1962) are  again  re- 
markably like those  observed in Pteridium. In  the 
rat,  however,  the  degenerating  mitochondrion  is 
enclosed  within  a  vacuole,  whereas  in  Cucurbita 
and  Pteridium the  mitochondrion itself appears  to 
produce  the vacuole  (or vesicle), the outer mem- 
brane of the mitochondrion forming its  boundary 
and  probably  being  the  last  laminate  structure 
to  disappear  (see,  for example,  Fig.  3). 
In  Pteridium,  as  mentioned  earlier,  the  lipid 
materials  of  the  degenerate  mitochondria  prob- 
ably go to form the additional membrane external 
to the plasmalemma of the egg. Heslop Harrison, 
1962,  has  reported  that  the  sporopollenin  of the 
microspores of Cannabis and Silene is derived from 
the  degenerating  mitochondria  of  the  tapetal 
cells.  The  additional  membrane  around  the  egg 
of Pteridium may  consist  of something  similar  to 
sporopollenin. It may account for the failure of the 
developing  zygote  to  take  up  radioactively 
labeled  nucleotides  (Bell,  1961;  Bell  and  Mfihle- 
thaler,  1962 b), and be of considerable importance 
in maintaining the normal course of embvyogeny 
(Bell,  1963). 
Degeneration  of  the  mitochondria  during 
oogenesis  has not so far been reported in animals, 
but there is evidence that it occurs in archegoniate 
plants  other  than  Pteridium. H.  Camefort,  1962, 
for  example,  reports  degenerate  mitochondria, 
very similar to those found in Pteridiurn, in the egg 
of Pinus  laricio var.  austriaca. Although  Camefort 
identifies  the  cell  containing  these  degenerate 
mitochondria as  the "oosph~re prgte ~ ~tre f&ond[e," 
it  appears  very  probable,  in  view  of the  events 
during  oogenesis  in  Pteridium,  that  his  sections 
are,  in  fact,  of  an  egg  recently  formed,  and  in 
which the old organelles are still being eliminated. 
Examination with the light microscope suggests 
that degenerative changes occur during oogenesis 
in  the  organelles  of  other  gymnosperms.  It  is 
possible  to  see,  for example,  in  the  cytoplasm of 
the  central  cell  of  Zamia  floridana  undergoing 
mitosis,  irregularly  shaped  bodies  which  appear 
to be bounded  by a  membrane and  to be empty. 
They are of the same order of size as the vesicular 
structures,  believed to  be  degenerative,  observed 
by  Camefort  at  a  similar  stage  of  oogenesis  in 
Pinus,  and  somewhat  larger  than,  but  similar  in 
shape  to,  the  swollen mitochondria found  in  the 
cytoplasm of the dividing central cell of Pteridium. 
Moreover, the eggs of Zamia and Dioon (Chamber- 
lain,  1906) are  also  surrounded  by  thickened 
membranes,  possibly  derived,  as  in  Pteridium, 
from the lipid materials of degenerating organelles. 
This  and  the  other  cytological  similarities  in 
oogenesis between Pteridium and the gymnosperms 
suggest  that  the  ultrastructural  details  will  be 
found to show a basic identity. 
THE  DISQONTINUITY  OF  THE  MITOCHON- 
DRIA:  We  have  no  evidence  that  the  umbo- 
mitochondria  of  the  maturing  egg  are  derived 
from  the  swollen  mitoehondria  of  the  central 
cell and  newly formed egg.  These  mitochondria, 
which  have  the  morphological  features  of  de- 
generation, have never given profiles convincingly 
suggestive of division. As their number decreases, 
that  of  the  vacuoles  containing  fragments  of 
lamellae  and  electron-opaque  material  corre- 
spondingly  increases.  Moreover,  the  umbo- 
mitochondria  differ  sharply  from  the  early  de- 
generative  ones  in  both  shape  and  internal 
structure.  We  are  convinced  that  the  umbo- 
mitochondria  are  new,  and  that  those  origi- 
nally present in the egg are completely eliminated. 
Maturation  of the  egg  (which  can  be  gauged 
by  the  extent  of the  degeneration  of the  ventral 
canal  cell above  it)  takes  about  24  hours  in  the 
conditions in which the gametophytes were grown. 
Umbo-mitochondria  first  appear  some  2  to  4 
hours  after  the  formation  of the  egg,  coinciding 
with  the  beginning  of the  production  of nuclear 
FIGURE 15  Portion  of the cytoplasm adjacent  to the nucleus of a mature  egg.- Electron 
opaque material call be seen in an evagination of tile nucleus, and similar material is pres- 
ent in the organelle marked by the arrow and interpreted as an immature mitoehondrion. 
EIGLTRES 16 to 19  Successive  sections of a series (one section omitted between 16 and 17) 
showing continuity  between a structure  identified as an incipient mitochondrion and  the 
nucleus. 
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chondria  in  the  egg  are  in  various  stages  of de- 
generation,  and  the  nuclear  envelope  shows  no 
peculiarities  (see,  for  example,  Bell  and  Mfihle- 
thaler,  1962a,  Fig.  5a).  Umbo-mitochondria 
and  degenerate  mitochondria  have  never  been 
found  together,  but,  at the same time, an egg has 
never been  seen entirely without mitochondria  of 
some  kind.  The  production  of  the  umbo-mito- 
chondria  must  thus  directly  follow  the  phase  of 
elimination,  or  possibly  overlap for  a  short  time 
with its concluding stages.  Activity of the nucleus 
continues  after  its  inception  for  about  18  hours, 
but  becomes progressively less conspicuous  as  the 
egg matures. 
THE  SIGNIFICANCE  OF  THE  FORM  OF 
THE  MITOCH  ONDRIA  OF  THE  MATURING 
EGG:  Although  it  has  long  been  known  that 
mitochondria  are  extremely  plastic,  the  umbo- 
mitochondria  of Pteridium  persist  throughout  the 
life of the egg. ~fhis  morphological stability appear 
to us to rule out the possibility that  their shape  is 
the  consequence  of  chance  deformation  or  in- 
cipient  division.  In  our  view,  the shape  can  be 
most  satisfactorily  interpreted  in  terms  of  the 
origin  and  ontogeny  of the  organelle.  If we  are 
correct,  the  bounding  membrane  of  the  mito- 
chondrion  is  derived  directly  from  the  nuclear 
envelope,  its  stroma  from  the  nucleoplasm,  and 
the cup  is a  relic of the  hood  of the  evagination. 
The  umbo-like  form  may  have functional  sig- 
nificance.  It  is  striking  that  the  only  records, 
so far,  of mitochondria  regularly similar are from 
cells associated or directly concerned with gameto- 
genesis.  According to  Christensen  and  Chapman, 
1959,  the  mitochondria  of the  interstitial  cells of 
rat  testis  are  frequently  cup-shaped.  Some  dif- 
ference still exists, however, since the mitochondria 
of the testis have cristae  throughout,  and  the cup 
has  no  well  developed  flange.  More  similar  are 
the  culichondries  described  in  the  spermatocytes 
of  the  scorpion  (Andr6,  1959),  in  which  cristae 
are  often  missing  from  the  matrix  in  the  narrow 
boundary  of  the  central  cup.  Here  again,  and 
unlike  the  situation  in  Pteridium,  the  cup  has  no 
conspicuous  flange,  and  the  cup  shape  of  these 
mitochondria  is  transient  and  persists  only while 
the  cristae  complete  their  development.  Small 
cup-shaped  mitochondria of the kind described in 
the  rat  and  the  scorpion,  1.5  #  or  less  in  total 
diameter  and  with  few  and  short  villi,  have  oc- 
casionally been  seen  in  the central cell.  We have 
no  evidence,  however,  that  they  are  numerous, 
or  that  they  persist,  or  that  they  have  any  rela- 
tionship to  the remarkable  umbo-mitochondria of 
the maturing  egg. 
THE  STATUS  OF  THE  EVIDENCE  FOR  THE 
FORMATION  OF  MITOCHONDRIA  FROM  THE 
NUCLEAR  ENVELOPE:  Suggestions  that  mito- 
chondria  are  formed  from  the  nuclear  en- 
velope are, by no means, new. Hoffman and  Grigg, 
1958,  for  example,  claimed  that,  in  actively  di- 
viding  cells in  onion  root  tips, rat thymus  gland, 
and  mouse  lymph  nodes,  the  mitochondria  were 
formed  within  the  nucleus  from  invaginations 
of the  nuclear  membrane,  and  subsequently  ex- 
truded  into the cytoplasm.  The micrographs  they 
present  are  not,  however,  adequate  to  support 
these  conclusions,  and  the  detail  is  poor.  Some 
of  the  configurations  pictured  are,  nevertheless, 
consonant with the view that mitochondria are in 
continuity  with  the  nucleus  (e.g.  their  Fig.  13), 
but  the  possibility cannot  be excluded  that  serial 
sectioning  and  more  careful  examination  might 
have  led  to  another  interpretation.  Brandt  and 
Pappas,  1959,  however,  provide  good  evidence 
that  connections may occasionally occur  between 
mitochondria and the nucleus in the giant amoeba 
Pelomyxa  carolinensis.  In at least one instance  (their 
Fig.  2),  clear  continuity  is  shown  between  the 
nuclear  material  and  the  interior  of  the  mito- 
chondrion,  and another micrograph  (their Fig. 6) 
show  a  mitochondrion  with  few  cristae,  possibly 
in an early stage of development, contiguous with 
a  club-shaped  evagination  of the nucleus. 
Earlier workers  (cited  by  Novikoff,  1961)  who 
claimed  that  in  certain  conditions  mitochondria 
were created do novo often remarked  that  the new 
mitochondria  appeared  adjacent  to  the  nucleus. 
Wasserman,  1954,  for  example,  states  that  the 
cells  of the  radicle  of the  pea  contain  no  mito- 
chondria  before germination  (as  seen in  the light 
microscope  following  appropriate  fixation  and 
staining).  Some  12  to  24  hours  after  moistening 
the  seed,  however,  rods  and  granules,  staining 
with acid fuchsin  and  identified as mitochondria, 
became  visible around  the  nucleus,  often located 
in  indentations  of  the  nuclear  membrane. 
Our  view that  in  Pteridium  there  is  a  phase  in 
which  mitochondria  are  generated  from  the 
periphery  of the nucleus is based  not solely upon 
the  one  instance  detected  of organic  connection 
between  a  mitochondrion-like  organelle  and  the 
nucleus, but upon a  sequence of events in the egg. 
These are well established and in conformity with 
the  evidence  from  cytochemical  studies  with  the 
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cytoplasm  of  the  egg  as  it  becomes  capable  of 
fertilization  (Bell,  1960,  1963).  We  realize,  how- 
ever,  that  our  hypothesis  has  yet  to be subjected 
to  rigorous  cytochemical  tests  with  the  electron 
microscope.  At  present,  we  claim  to  have  given 
what  appears  to us  to  be  the  most  coherent  and 
satisfactory interpretation  of our micrographs. 
General  evidence,  such  as  that  cited  in  the 
foregoing discussion, suggests that the formation of 
mitochondria  from the nucleus is not likely to be 
a  phenomenon  occurring  uniquely  in  the  egg of 
Pteridium.  It  is  possibly  a  fundamental  property 
of cells, although  occurring only if the cell enters 
an appropriate  metabolic state or is stimulated  to 
perform  certain  functions.  The  explanation  for 
the fact that fully formed mitochondria have only 
rarely  been  seen  in  continuity  with  the  nuclear 
membrane  may  be  that  the  development  of the 
villi or  cristae  occurs  principally  after  the  mito- 
chondria  have  become  detached.  The  first  phase 
in  the  genesis  of the  mitochondrion  may,  there- 
fore,  be  the  organization  of the  stroma. 
THE CYTOCHEMICAL  SIGNIFICANCE  OF THE 
PROPOSED  ORIGIN  OF  THE  MITOCHONDRIA: 
Mitochondria  are believed to contain  ribonucleic 
acid,  although  small  in  amount  (Novikoff, 
1961).  They  have  also  been  reported  to  con- 
tain  deoxyribonucleic  acid  (Hogeboom  and 
Schneider,  1955).  Although  this  claim  has  not 
been  generally  accepted,  Pereira  and  Mahler 
(1962)  have  found  that  the  L( +)-lactic  dehy- 
drogenase  of yeast,  an  enzyme  probably  located 
in the mitochondria  (Nossal, Keech, and Morton, 
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